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Abstract 
Laser transmission welding is a well known joining technology for thermoplastics. Because of the needs of 
lightweight, cost effective and green production thermoplastics are usually filled with glass fibers. These lead to 
higher absorption and more scattering within the upper joining partner with a negative influence on the welding 
process. Here an experimental method for the characterization of the scattering behavior of semi crystalline 
thermoplastics filled with short glass fibers and a finite element model of the welding process capable to consider 
scattering as well as an analytical model are introduced. The experimental data is used for the numerical and 
analytical investigation of laser transmission welding under consideration of scattering. The scattering effects of 
several thermoplastics onto the calculated temperature fields as well as weld seam geometries are quantified. 
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1. Motivation / State of the Art 
Laser welding is a well known joining technology for metals but also for thermoplastics. The most 
common laser welding technique for plastic parts is laser transmission welding. It permits welding with 
low thermal as well as mechanical stress and turns out to be a flexible and well controllable joining 
process with a broad variety of possible industrial application [1, 2]. For laser transmission welding an 
upper laser transparent and a lower laser absorbing joining partner is needed, as shown by Fig. 1, a 
procedural principle of the process. When the laser beam hits the upper joining partner it is fractional 
reflected, transmitted and absorbed as well as refracted and scattered. While absorption and scattering 
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may be negligible regarding laser transmission welding of unfilled and amorphous thermoplastics like 
polymethylmethacrylate (PMMA) or polycarbonate (PC) as postulated in former literature [3, 4] these 
effects should be considered when e.g. laser transmission welding of semi crystalline thermoplastics filled 
with short glass fibers is utilized. After passing the upper joining partner the laser beam hits the lower 
joining partner and is fractional reflected, completely absorbed and scattered as well as refracted again. 
Due to the abandoned high absorbance of the lower joining partner achieved e.g. by the addition of a few 
tenth of percent per weight of carbon black the laser power remaining after the penetration of the upper 
joining partner is normally completely absorbed within the lower one. Heat is generated and distributes 
according to the general differential equation of heat conductance. If adequate process parameters are 
chosen, the generated three dimensional temperature field causes partial melting of the lower joining 
partner. Due to the melting the material expands, bridges the gap which may remain between the two 
joining partners after clamping and wets the upper joining partner. Because of heat conductance from the 
lower to the upper part the upper joining partner is partially molten, too. If adequate clamping pressure is 
maintained and the melt of both joining partners are chemically compatible a collective melt pool is 
formed. When the laser beam is moved by appliance of an adequate feed speed the melt pool freezes at its 
tail and a tight and load-bearing weld seam is manufactured. Pores or blow holes can be avoided by 
choosing proper process parameters. 
 
Fig. 1. Procedural principle of the laser transmission welding process 
Due to the needs of lightweight, cost effective and also green production nowadays normally semi 
crystalline thermoplastics filled with short glass fibers, not only unfilled or amorphous materials are used 
for load-bearing components made out of thermoplastics. Filling degrees of 30 up to 50 percent per 
volume are todays common usage e.g. for polypropylene (PP) or polyamide (PA). The filling leads to a 
better mechanical stiffness, but also to higher absorbance, more scattering and therefore to a modified 
laser beam propagation within the upper part. The intensity distribution of the laser beam within the 
joining plane is expanded and the laser power useable for the welding process gets less [3, 5]. In addition 
the absorbance as well as the scattering of plastics filled with glass fibers is dependent on several 
parameters of the injection molding process [6, 7]. Therefore along the weld path on the one hand side 
and from one part to the next varying absorbance and scattering may occur on the other side. Accordingly 
the process behavior changes and the process window is getting narrow. A less robust welding process 
takes place and a proper design of the welding process taking varying boundary conditions in to account 
gets more important. Therefore an experimental method for the characterization of the scattering behavior 
of semi crystalline thermoplastics filled with short glass fibers like PP GF 30 and PA 6 GF 30, a Process 
Model (PM) based on the finite element method capable to consider the detected scattering effects and an 
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analytical model (AM) deduced from the data gained by various finite element simulations are 
introduced. Later on the analytical model can be used for sensitivity studies and the investigation of 
statistical effects within the laser transmission welding process caused by varying process parameters and 
disturbing quantities such as stochastically changing thermal or optical properties of the joining partner 
materials. 
2. Experimental 
The experimental characterization of the scattering behavior of PP GF 30- and PA 6 GF 30-samples is 
carried out using the beam pass documented by Fig. 2. Main parts of the setup are a fibre guided diode 
laser with a wave length of 940 nm and a maximum continues wave output power of 70 W, a beam 
splitter, a power sensor, different lenses and neutral absorbers, the exchangeable plastic samples and a 
CMOS-camera. The core diameter of the used fibre is 400 μm. The used camera is a LaserCam-HR 
provided by Coherent (Deutschland) GmbH for the purpose of laser beam characterisation. The lenses are 
needed for shaping the laser beam. With the setup it is possible to monitor intensity distributions, which 
occur when the collimated laser beam with a beam diameter of 3.8 mm ( , cp. Fig. 2) passes one of the 
plastic samples and to quantify the resultant laser beam caustic relative to the original laser beam. While 
the characterisation takes place the beam splitter is used to extenuate the laser beam and to illuminate a 
power sensor. This power sensor is needed to monitor the actual laser power  by measuring 
 to ensure constant boundary conditions for the measurements. The camera is illuminated by the 
laser beam, which is extenuated by the beam splitter and the exchangeable samples. The samples also 
cause scattering of the laser beam and therefore a divergent and manipulated caustic compared to the 
original laser beam. The diameter of the scattered laser beam as well as its intensity distribution is 
dependent on the sample material, its thickness and region of sample extraction as well as the -position 
of the camera relative to the sample surface facing the incident laser beam. Therefore beside the laser 
beam diameter its divergence angle can be measured when the camera is moved in at least two different 
-positions,  and  (cp. (1 left)). Thereby  and are the laser beam diameters of the 
scattered beam detected at the positions  and  (cp. (2 right)) and Fig. 2). 
 
 
(1, left and right) 
 
With the camera, or optional with an additional power sensor, which has to be placed in the former 
camera position the laser power  can be measured. The determined intensity distribution can be 
fitted by a Gaussian function. Thereby the scattering behaviour of different sample materials, thicknesses 
and regions of sample extraction relative to the surface of the injection moulded plates and also relative to 
the film gate used for the injection moulding process can be quantified by the ratio  (cp. (1 right)),  
and the factors needed for fitting a Gaussian function to the determined intensity distribution. 
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Fig. 2. Experimental setup used for the characterization of the scattering behavior of PP-, PP GF 30-, PA 6 and PA 6 GF 30-
samples 
To investigate the dependency of the scattering behaviour of semi crystalline thermoplastics the 
introduced setup is used for the characterisation of cylindrical PP-, PP GF 30-, PA 6 and PA 6 GF 30- 
samples with thicknesses of 0.5 mm ( , ) and diameters of 30.0 mm ( ). The samples are extracted 
out of different regions (I up to XII) of injection moulded plates as shown in Fig. 3. 
 
 
Fig. 3. Drawing of one of the injection moulded plates and labelling of the different regions of sample extraction; 
a = 150,0 mm  = a/8, b = 100,0 mm  = b/6, c = 2,0 mm, d = 30,0 mm, e = f = 0,5 mm, g = 15 mm, h  0,02 mm 
For the consideration of the obtained scattering effect quantified by ,  and the factors needed for 
fitting a Gaussian function to the determined intensity distribution within the later process simulation  
is transformed into the factor  (cp. (2 left)). While  is used to calculate the laser beam radius 
, which occurs when refraction and scattering are considered (cp. (2 right)). Therefore  is equal 
 or , dependant on the region of sample extraction. 
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sm -values obtained are plotted in Fig. 4. For the purpose of comparison and validation beside 
measurements using the method described above a spectrometer, an UV-3600 from Shimadzu 
(Deutschland) GmbH is used for measuring the diffuse and direct reflectance as well as the total and 
collimated transparency of the samples extracted at the regions I up to XII to determine the parameters 
Rdiffuse, Rdirect, Tdiffuse, Tdirect,  and  as well as the average cosine of the phase function, further named 
, using the Adding-Doubling-Method [8]. The -values obtained are also plotted in Fig. 4. If the 
intensity distribution of the scattered laser beam is only expanded by the scattering effects and not 
rearranged or mixed  and  should be proportional at least. 
 
 
Fig. 4. Comparison of sm - and g -values determined for circular samples with a thickness of 0.5 mm, extracted at position VI (cp. 
Fig. 3) out of injection molded PP-, PP GF 30-, PA 6 and PA 6 GF 30- plates  from the surface as well as from  the middle 
As Fig. 4 shows the determined - and -values are not constant for the different materials and 
regions of sample extraction. Also the ratio calculated by  over  for the different materials and 
regions of sample extraction varies. Therefore  and  seem to be not proportional. This allows 
several conclusions. 
First of all scattering is not constant for the chosen materials. As expected, glass fiber filled materials 
are leading to more scattering than the unfilled references. Further the reviewed unfilled PP leads to less 
scattering than the also reviewed PA 6. The unfilled PP samples extracted from near the surface of the 
injection molded plates are showing more scattering than those extracted from near the middle. For PA 6 
the conditions are converse. Here the samples extracted from near the surface are showing lower 
scattering than those extracted from near the middle. So within the process model  should be defined 
as a function of the coordinate  dependant on the regarded material. Interesting seems to be that the 
conditions for both materials are conversed again, when the values determined for glass fiber filled 
samples of both materials are regarded. This may be explained by locally differing glass fiber 
concentrations as well as orientations found for the here discussed region of extraction VI due to differing 
conditions within the injection molding process perhaps caused by differing mold temperatures and 
viscosities (cp. Fig. 5). The fact that the ratio calculated by  over is varying, leads to the conclusion 
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that the observed scattering leads to an expansion and a rearrangement or mixing of the determined 
intensity distributions as well, which fits well with changing factors needed for fitting a Gaussian function 
to the determined intensity distributions. This circumstance should be considered by a form factor within 
the mathematical representation of the intensity distribution representing the determined intensity 
distribution as well. So the observed scattering effects quantified by  and  are differing for the 
materials observed here, the amount of glass fibers within the materials and the region of extraction 
regarding samples extracted from near the surface as well as from near the middle. An idea what happens 
when - and -values are determined for different regions relative to the film gat of the injection 
molded plates gives Fig. 5.  
 
 
Fig. 5. Thin cuts manufactured out of injection moulded plates of the considered materials at the regions XIII up to XXI 
Here microscopic pictures of thin cuts manufactured out of injection moulded plates of the considered 
materials at the regions XIII up to XXI in direction of the section A-A (cp. Fig. 3) are shown. It can be 
seen that the conditions affected by the microscopic structure along the coordinate  are changing. 
Towards the middle the observed structures are getting bigger and then, after the middle is passed, they 
are getting smaller again until the amorphous edge layer is reached again, which fits well with the 
expected temperature field within the injection moulding process as well as to the observed dependency 
of the determined - and -values from . Also it can be seen that the thickness of the amorphous 
edge layer as well as the size of the observed structures is changing when samples extracted from 
different positions relative to the film gate are regarded. Therefore within laser transmission welding of 
semi crystalline materials filled with glass fibres along welding paths with different relative distances to 
the gate this may affect changed process behaviour. In the following these circumstances are investigated 
further with the aid of a process model. 
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3. Process simulation and analytical model 
After several steps of experimental quantification of scattering on the laser beam caustic and intensity 
distribution a finite element model is implemented for the purpose of thermal process simulation [9, 10, 
11]. Within the implemented model the temporal and spatial fluctuating temperature fields are calculated 
on basis of the general differential equation of thermal conduction according to Furier (cp. (3)). 
 
(3) 
 
Within equation (3)  is the temperature which has to be calculated dependent on the time  and the 
spatial coordinates ,  and . , a velocity vector, is representing the feed speed of the laser beam 
while ,  and  are material properties. Neglecting heat transfer in -direction, the direction of the 
incident laser beam, equation (3) can be simplified as follows: 
 
 
(4) 
 
The volume heat source  representing the laser beam and some of the regarded aspects of the laser 
beam matter interaction within (4) can be described as shown by (5), while  is assumed on basis 
of determined -values: 
 
 
(5) 
 
 
Within (5)  is the intensity distribution of the laser beam in Cartesian coordinates, which is 
fitted to the above discussed experimental data.  is the absorption coefficient of the treated 
material dependent on the coordinate  and the material’s local as well as temporal changing 
temperature . According to these equations, the volume heat source  as well as its movement due to 
the feed speed is implemented using FORTRAN code. 
After its implementation the model is used to calculate the weld seam width , its height , and 
depth for the lower joining partner  and the upper one  depended on the process parameters feed 
speed , laser power  and focal position  as well as the factor  while the properties of the 
above used materials PP and PA 6 are assumed by further parameters and boundary conditions as well. 
Then the enumerated parameters are varied according to rules of the design of experiments (DOE). Fig. 6 
shows exemplarily results of several process simulations for laser transmission welding of PP for 
assumed -values, which are fitting quit well to the -values determined for PP- and PP GF 30-
samples within the experiments described above (cp. Fig. 4). After the calculation of , ,  and  
depended on the parameters , ,  and  by various finite element simulations the gained data 
is used to discharge an analytical model (AM) according to the response surface methodology. Therefore 
the software EURQA is used [12, 13]. Results determined by solving the generated set of equations for 
increasing assumed laser power and  are plotted within Fig. 6 where also the result of a quantitative 
comparison of the weld seam dimension calculated with the finite element model (PS) and the analytical 
model is indicated. 
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Fig. 6. Exemplary results of the finite element model (left) and quantitative comparison of weld seam dimensions calculated with 
the finite element model (PS) and the deducted analytical model (AM) (right) for PP 
It can be seen that the deduced analytical model as well is capable to calculate the dimensions , , 
 and  characterizing the weld seam geometry depended on the above mentioned parameters , , 
 and . Within the obtained set of equations all mentioned process parameters and disturbing 
quantities are included. The relative average deviation, declared as the difference of the result of the 
process model implemented on basis of the finite element method minus the result of the analytical model 
normalized by the result of the process model is e.g. -2.21% for the calculation of the weld seam 
geometries depended on the laser power and 7.85% depended on the feed speed. In that way the deducted 
analytical model can be used to quantify the effects of statistically varying parameters, as well as 
disturbing quantities of the laser transmission welding process onto the weld seam geometry. In the 
following the deducted analytical equation connecting the parameters , ,  and  with the 
weld seam width  is regarded exemplarily. When this equation is used to calculate  for varying 
parameters , ,  and  findings concerning the robustness of the regarded laser transmission 
welding process of glass fibre filled PP can be worked out. Therefore all the parameters are varied into a 
lower and an upper setting according to Table 1 in form of a fractional factorial DOE and the minimum 
and maximum -value as well as the range for the weld seam width  are detected depended on the 
relative range of variation (cp. Fig. 7). 
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Table 1.  Setting for the fractional factorial DOE 
An example of a column heading Lower setting Upper setting Relative range of Variation 
 in m·s-1 rather without unit 1.998·10-2 2.002·10-2 1.0·10-3 
in W rather without unit 4.995 5.005 1.0·10-3 
 in m rather without unit 1.499·10-3 1.502·10-3 1.0·10-3 
 without unit 5.669·10-1 5.681·10-1 1.0·10-3 
 in m·s-1 rather without unit 1.980·10-2 2.020·10-2 1.0·10-2 
in W rather without unit 4.950 5.050 1.0·10-2 
 in m rather without unit 1.485·10-3 1.515·10-3 1.0·10-2 
 without unit 5.618·10-1 5.732·10-1 1.0·10-2 
 in m·s-1 rather without unit 1.800·10-2 2.200·10-2 1.0·10-1 
in W rather without unit 4.500 5.500 1.0·10-1 
 in m rather without unit 1.350·10-3 1.650·10-3 1.0·10-1 
 without unit 5.108·10-1 6.243·10-1 1.0·10-1 
 
As Fig. 7 shows the maximum decrease and increase of the calculated -value is -1.833·10-3 mm or -
0.204 % (relative to the average value) and 1.810·10-3 mm or 0.201 % for a relative range of variation of 
0.1 %. For a relative range of variation of 1.0 % these values become -1.938·10-2 mm or -2.157 % 
(minimum) and 1.831·10-2 mm or 2.038 % (maximum). The resulting absolute values are shown by 
Fig. 7. Plotted there are also the determined values for a relative range of variation of 10.0 %. Given there 
are also functions describing the behavior of the variation of  for a changing relative range of variation. 
 
 
Fig. 7. Calculated minimum, maximum and average values of  
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4. Results and Outlook 
After a short motivation an experimental method and setup for the characterization of the scattering 
behavior of thermoplastics dependent on sample materials, thicknesses and regions of sample extraction 
relative to the surface of the injection moulded plates and also relative to the film gate was introduced. 
The method used to quantify the scattering behavior and to consider it within a finite element model is 
compared to measurements carried out with the aid of a spectrometer and analyzed by the Invers-Adding-
Doubling-Method also. It was seen that the factor  should be defined depended on the coordinate  
and dependent to the regarded material due to changing conditions regarding the microscopic structure of 
injection molded plates made out of semi crystalline thermoplastics like PP or PA 6. 
Afterwards a process model on basis of the finite element method for laser transmission welding of 
thermoplastics capable to consider the experimental characterized scattering behavior is introduced. On 
basis of the data gained by various simulations carried out with this finite element model an analytical 
model capable to calculate weld seam geometries dependent on several process parameters as well as 
disturbing quantities was deducted according to the response surface methodology. The Process 
simulation results were compared to results gained with the analytical model in a quantitative way. The 
deviation seems to be tolerable. The analytical model was used to quantify the effect of varying process 
parameters and scattering behavior described by the factor  for an increasing relative range of 
variation. It could be seen, that the minimum an maximum -values representing the weld seam width 
are varying for different relative ranges of variation. Also it can be seen, that the minima and maxima 
calculated are not placed equally far away from the average value of . Therefore a not symmetric 
frequency distribution of the resulting -values is expected. 
Further investigation not only with discreet values of the parameters , ,  and  but with 
parameter sets defined by frequency distributions in form of Monte-Carlo-Simulations with the deducted 
analytical model should lead to an even better process understanding of the laser transmission process 
considering scattering as well as stochastically varying parameters. 
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